The data cannot be made available here as they are third party data not owned or collected by the authors and on-provision is not permitted, as it would compromise the patients' confidentiality and participants' privacy. However the data are available from the relevant data custodians for approved research projects -- data access enquiries can be made to the Sax Institute (see <https://www.saxinstitute.org.au/our-work/45-up-study/governance/> for details). Other researchers would be able to access these data in the same manner as the authors. The authors did not have any special access privileges that others would not have.

Introduction {#sec005}
============

Cancer care accounts for a substantial proportion of healthcare expenditure. The number of people diagnosed with cancer in Australia is rising, due to an ageing and increasing population, lifestyle and environmental factors \[[@pone.0201552.ref001]\]. Advances in cancer care, including new technologies and targeted therapies, are increasing the case-specific costs of care \[[@pone.0201552.ref002]--[@pone.0201552.ref004]\]. Cancer survival is also increasing, with more people living after a cancer diagnosis who require continuing care---approximately 1 million Australians in 2012 \[[@pone.0201552.ref005]\]. Hence, the cost of cancer care in Australia is increasing rapidly. High quality data on current cancer care costs are needed to prioritise future healthcare funding, assess the cost-effectiveness of potential interventions relating to cancer control, and plan for future costs.

The Australian healthcare system includes government-funded universal coverage of many medical costs, along with further coverage via private health insurance or self-funding. Healthcare costs directly attributable to cancer were an estimated \$4.5billion Australian dollars (AUD) in 2009, accounting for 4% of all government expenditure in health \[[@pone.0201552.ref006]\]. This represented a 25% increase in total expenditure from 2005, which was a similar increase from the 2001 estimate. Another Australian report for the state of New South Wales (NSW; 32% of Australia's population) estimated \$1.1billion for lifetime health system costs for people diagnosed with cancer in 2005 \[[@pone.0201552.ref007]\]. Both reports used an approach that only covered costs of care specifically identifiable as being for cancer treatment, and excluded costs for care not clearly indicated for cancer alone, such as general practitioner consultations. Other Australian studies have reported on expenditure related to national cancer-specific prevention programs, such as cervical cancer screening costs \[[@pone.0201552.ref008]\].

Australian cancer costing studies using individual-level information have focused on specific cancer types in specific geographical locations, including prostate, lung and skin cancers in NSW \[[@pone.0201552.ref009]--[@pone.0201552.ref011]\] and colorectal cancer in Victoria \[[@pone.0201552.ref012]\]. The latter study highlighted the impact of specific new drugs on treatment costs for advanced colorectal cancer, estimated to add over AUD\$10,000 for each case using bevacizumab or cetuximab. Other NSW studies have focused on chemotherapy costs \[[@pone.0201552.ref013]\] or end-of-life care \[[@pone.0201552.ref014], [@pone.0201552.ref015]\]. A recent series of papers focused on the cost of cancer to patients, has highlighted the relatively high out-of-pocket costs and associated 'financial toxicity' for Australian cancer patients and their carers \[[@pone.0201552.ref016]--[@pone.0201552.ref018]\], along with the complexity of funding structures and methods used to measure costs \[[@pone.0201552.ref019], [@pone.0201552.ref020]\].

Previous studies in the UK, the US and New Zealand have reported on the excess health system costs of care for cancer patients relative to cancer-free controls for several cancer types and over different phases of care, providing a valuable resource for expenditure priority-setting and economic evaluations of potential interventions \[[@pone.0201552.ref021]--[@pone.0201552.ref023]\]. To our knowledge, there are no equivalent Australian studies encompassing all cancer types.

The aim, therefore, of this study was to estimate the costs of cancer care for all cancers in Australia using patient-level data for a large population-based cohort. This includes health system costs by cancer type and overall, based on several time periods relative to diagnosis and death. We included the full range of health system costs of cancer care, from pre-diagnosis, through initial treatment, continuing care and end-of-life care. This will provide a detailed baseline with which to compare future costs and facilitate assessment of the cost-effectiveness of potential new interventions in cancer control.

Materials and methods {#sec006}
=====================

Data sources {#sec007}
------------

We used data from The Sax Institute's 45 and Up Study, a longitudinal study of over 266,000 people in NSW aged \> = 45 years. The study methods and cohort have been described in detail previously \[[@pone.0201552.ref024]\]. Briefly, potential participants were a random sample from the Medicare enrolment database held by the Department of Human Services (formerly Medicare Australia), which provides near complete coverage of the population. People aged \> = 80 years and those living in regional and remote areas were oversampled by a factor of two. Participants completed a baseline postal questionnaire in 2006--2009 and consented to linkage to their routinely collected health information. This includes reimbursements for (1) subsidised prescription medicines in the Pharmaceutical Benefits Scheme (PBS), (2) subsidised outpatient and medical services and some in-hospital procedures covered by the Medicare Benefits Schedule (MBS), (3) inpatient care in public and private hospitals from the Admitted Patient Data Collection (APDC) and (4) emergency presentations from the Emergency Department Data Collection (EDDC). The study period was 1 January 2005 to 30 June 2014, during which time data from all sources were available (Figure A in [S1 File](#pone.0201552.s001){ref-type="supplementary-material"}). Linkage to the (5) NSW Cancer Registry (NSWCR) enabled identification of all incident and prevalent cancers for the cohort (excluding non-melanoma skin cancer), and (6) death records were obtained from the NSW Registry of Births, Deaths and Marriages (RBDM). Individual records were linked to health databases (1) and (2) by the Sax Institute using a unique identifier that was provided to the Department of Human Services, while individual records in databases (3) to (6) were probabilistically linked by the Centre for Health Record Linkage in NSW using a best practice approach to linkage while preserving privacy \[[@pone.0201552.ref025]\].

Study sample {#sec008}
------------

People included in this analysis were 45 and Up Study participants with a NSWCR-registered cancer diagnosis during 2006--2010 that occurred after study recruitment ("incident cases"). We excluded people with a cancer diagnosis recorded in the NSWCR prior to recruitment and those with a self-reported history of cancer (excluding non-melanoma skin cancer) ([Fig 1](#pone.0201552.g001){ref-type="fig"}). Cases were matched to cancer-free controls who had no record of cancer and who did not die prior to the diagnosis date of their potentially matched case. There was no restriction on controls who died after the diagnosis date, so that the results are not biased by comparing the costs for the cancer cases with those for a healthy control group. Up to three controls were matched to each case (without replacement) by age (±5 years), sex (female, male), Local Government Area of residence (approximately 150 areas in NSW) and smoking history (never or quit \>15 years, recent quitter within 15 years, current smoker). People with missing responses for any of the characteristics used in matching were excluded, as were 50 participants with irreconcilable information in their linked records (e.g. multiple hospital admissions after recorded date of death) or who were aged \<45 years at baseline.

![Cohort selection flow diagram.\
NMSC: Non-melanoma skin cancer; NSWCR: New South Wales Cancer Registry. Matching variables were age (±5 years), sex, Local Government Area of residence and smoking history (never or quit \>15 years, recent quitter within 15 years, current smoker).](pone.0201552.g001){#pone.0201552.g001}

Definitions and calculations of costs {#sec009}
-------------------------------------

### Cost data {#sec010}

Costs were based on individuals' inpatient hospital episodes, emergency department (ED) presentations, subsidised prescription medicines captured in the PBS and subsidised medical services captured in the MBS. The PBS includes medicines for the prevention or treatment of significant medical conditions, with subsidised drugs approved by the government after first being approved by the Therapeutic Goods Administration (similar to the US Food and Drug Administration) and then undergoing an assessment of their cost-effectiveness by the Pharmaceutical Benefits Advisory Committee \[[@pone.0201552.ref026]\]. All cases had at least 3.5 years of follow-up after diagnosis (median 5 years). Costs were estimated for several time periods relative to the diagnosis date; if the time period of interest extended to dates outside of the study period then the matched case-control 'group' were not included in the estimates for that specific period (e.g. if diagnosed in 2010 then 5 years post-diagnosis is after the end of the study period). All items and procedures were included and not restricted to health care deemed to be cancer-specific.

For this study we focused on direct health system (government-funded) costs. The dates of supply of prescription medicines and medical services from the PBS and MBS respectively were used to assign the costs to the relevant time period. Inpatient hospital costs were derived by linking the Australian Refined Diagnostic Related Group code for each hospitalisation to the 2010 National Hospital Cost Data Collection (NHCDC) average admission cost \[[@pone.0201552.ref027]\]. Hospitalisations could span multiple time periods, so costs were apportioned across time periods according to the number of days out of the total length of stay. ED costs were assigned according to triage category and discharge status as described in the NHCDC.

### Statistical analysis {#sec011}

The excess costs due to cancer were calculated for each case by taking their costs and subtracting the average costs for their matched controls. We calculated annual and monthly incidence costs, along with costs by phase of care (initial, continuing, terminal) and prevalence costs. Means of excess costs were calculated and converted to 2013 Australian dollars using the Australian Health Index \[[@pone.0201552.ref028]\]. The proportions of excess costs contributed by each source (inpatient hospitalisations, prescription medicines, other services subsidised by the MBS, and ED presentations) were calculated. Medians and inter-quartile ranges for excess costs are reported in the Supporting Information.

Costs were calculated for the ten most common cancer types in Australia and all other cancers combined. Specific cancer types were identified using the NSWCR topography code, based on the International Classification of Diseases, Tenth Revision, Australian Modification (ICD-10-AM; see Supporting Information for codes). Cases were also classified by summary disease stage at diagnosis (localised, regional, distant metastases, unknown). We compared the distribution of cancer types in our cohort with the population-wide distribution of incident cancers in all of Australia in 2013 \[[@pone.0201552.ref005]\], as well as with the distribution of incident cancers by stage in NSW in 2008--2012 \[[@pone.0201552.ref029]\] (both were the most recent data available), weighting the study cohort to match these distributions. Analysis was carried out using SAS v9.4 (SAS Institute Inc., NC, USA).

### Costs for incident cancers {#sec012}

The annual costs for incident cancers were calculated for each participant for each 12-month period around the case's month of diagnosis, from 2 years pre-diagnosis to 5 years post-diagnosis. Only month and year of diagnosis were available so the cost for the first 12 months "after" diagnosis started on the first day of the month of diagnosis. Monthly costs were also calculated for each calendar month relative to the month of diagnosis. For each of these annual and monthly estimates, if a case and/or their matched control died then the included costs were censored at the earliest date of death and the case-control pair were excluded from estimates for subsequent years and months. This means, for example, that the denominator for costs for \>1--2 years post-diagnosis is all cases who survived at least one year after diagnosis and who had at least one matched control still alive one year after the diagnosis date. We also calculated costs for each month at the end of life, relative to the death date. If a control died before their matched case then the end-of-life costs were censored at the control's death date and the case-control pair was excluded from estimates for the subsequent months. For example, if the control died 4.5 months before their matched case then this case-control pair was excluded from estimates for the final four months of end-of-life costs.

### Costs by phase of care {#sec013}

Costs were also grouped into three phases of care: the initial phase, the continuing phase and the terminal phase. The phases for each matched group were assigned based on the case's diagnosis date, death date and the end of follow-up. For estimates corresponding to each phase, if a control died before their matched case then the included costs were censored at the control's date of death and the case-control pair was excluded from estimates for subsequent phases.

Initial phase: If the case survived at least two years then the first year after diagnosis was designated the initial phase. If the case survived \>1 year but \<2 years after diagnosis then the initial phase was the period from diagnosis until the start of the 12-month terminal phase.

Continuing phase: If the case survived \>2 years after diagnosis then the period between the end of the initial phase and the start of the terminal phase, or 31 December 2013 if the case did not die, was designated the continuing phase. The costs for this phase were calculated as an annual rate for each individual according to the length of their continuing phase. To avoid incorrect over-inflation, if the continuing phase was \<3 months then the case-control group were not included in this phase (2% of groups).

Terminal phase: For cases who died before July 2014, the final year up to and including the death date was designated the terminal phase. If the case survived \<1 year after diagnosis then the terminal phase started at the diagnosis date and the case had no initial phase.

### Prevalence costs {#sec014}

Costs incurred during 2013 for people living up to 5 years after a cancer diagnosis were estimated using the numbers of people diagnosed with cancer in Australia during 2009--2013 \[[@pone.0201552.ref005]\] and survival rates for each year after diagnosis by cancer type \[[@pone.0201552.ref030]\]. The mean cost for the year after diagnosis was applied to the numbers diagnosed in Australia in 2013 by cancer type. The 1-year survival rate by cancer type was applied to the numbers diagnosed in 2012 to give the expected number surviving to 2013, and this was multiplied by the mean cost by cancer type for the second year after diagnosis. The same was done for the third year after diagnosis using incidence in 2011 and 2-year survival, for the fourth year after diagnosis using incidence in 2010 and 3-year survival, and for the fifth year after diagnosis using incidence in 2009 and 4-year survival. The totals for the five years were combined to obtain an overall prevalence cost for 2013.

### Ethical approval {#sec015}

The University of New South Wales Human Research Ethics Committee approved the conduct of the 45 and Up Study and the NSW Population and Health Services Research Ethics Committee (approval number 2014/08/551) approved this study.

Results {#sec016}
=======

Study sample {#sec017}
------------

Of the 266,793 eligible participants in the 45 and Up Study there were 7,672 eligible cases diagnosed with cancer between baseline and December 2010 ([Fig 1](#pone.0201552.g001){ref-type="fig"}). At least one matching control was available for 7,624 cases (99.4%), with three matching controls for 7,473 (97.4%), two matching controls for 91 (1.2%) and one matching control for 60 (0.8%), giving the final study sample of 7,624 cases and 22,661 controls. The mean age of the cases at diagnosis was 69 years, 60% were men, 53% were from major cities, 12% were from rural areas, 7% were smokers at baseline and 14% had quit smoking within the previous 15 years.

The distribution of cancer types was reasonably similar to that for all incident cancers in Australia in 2013, with the exception of prostate cancer which accounted for 25% of the study sample compared with 15% of all Australian cases (Table A in [S1 File](#pone.0201552.s001){ref-type="supplementary-material"}). The distribution of stage of disease for each of the 10 most common cancer types was reasonably similar to that for all incident cancers in NSW in 2008--2012 ([Fig 2](#pone.0201552.g002){ref-type="fig"}). Thirty-seven percent of the cancer cases in the study sample were diagnosed in 2010, 35% were diagnosed in 2009 and 19% in 2008; at June 2014 81% had at least 4 years of post-diagnosis cost data available. Fifteen percent of cases died within one year of diagnosis and 28% died within four years; 6% of controls died within four years. Survival varied by cancer type, for example 52% of lung cancer cases died within one year of diagnosis compared with 2% of breast and prostate cancer cases.

![Distribution of cases included for analysis (diagnosed 2006--2010) by spread of disease at diagnosis and cancer type, compared with all cases in New South Wales (NSW) diagnosed 2008--2012.\
Results not shown for Non-Hodgkin lymphoma or leukaemia, \~90% recorded as "Unknown" for both.](pone.0201552.g002){#pone.0201552.g002}

Costs of incident cancers {#sec018}
-------------------------

Costs varied by cancer type and time since diagnosis, with the annual costs dominated by those occurring in the first year after diagnosis (including the month of diagnosis) ([Table 1](#pone.0201552.t001){ref-type="table"}). Among the most common cancer types, the mean cost for the first year after diagnosis ranged from \$7,110 per case for melanoma to \$48,570 for colorectal cancer. Weighted to the distribution of cancer types in Australia, the mean cost was \$1,622 per case for the year prior to diagnosis, \$33,944 for the first year after diagnosis and \$8,796 for the second year after diagnosis.

10.1371/journal.pone.0201552.t001

###### Annual mean excess costs by cancer type for incident cancers diagnosed 2006--2010, in 2013 Australian dollars.

![](pone.0201552.t001){#pone.0201552.t001g}

  Cancer type[^1^](#t001fn002){ref-type="table-fn"}   \>1--2 years pre-diag.   \>0--1 year pre-diag.   0--1 year post-diag.   \>1--2 years post-diag.   \>2--3 years post-diag.   \>3--4 years post-diag.   \>4--5 years post-diag.                                                                           
  --------------------------------------------------- ------------------------ ----------------------- ---------------------- ------------------------- ------------------------- ------------------------- ------------------------- ----------- ----------- ----------- ----------- ----------- ----------- -----------
  Prostate                                            1,860                    -153                    1,944                  -275                      1,944                     18,159                    1,857                     2,830       1,765       2,314       1,385       2,157       759         1,678
  Breast                                              980                      -299                    1,010                  -576                      1,010                     36,948                    986                       7,619       956         3,038       748         3,132       408         2,473
  Colorectal                                          926                      15                      967                    1,545                     967                       48,570                    816                       10,926      720         7,381       515         6,509       274         4,525
  Melanoma                                            852                      582                     891                    565                       891                       7,110                     838                       2,260       784         2,792       604         2,506       327         1,784
  Lung                                                495                      -8                      523                    2,263                     523                       38,059                    247                       17,863      168         12,903      102         6,563       46          4,021
  NHL                                                 251                      -177                    261                    2,102                     261                       46,286                    223                       11,485      204         6,997       158         4,741       75          2,305
  Head & neck                                         139                      341                     143                    1,290                     143                       42,305                    121                       5,907       109         -1,086      84          2,026       42          1,687
  Leukaemia                                           140                      -219                    143                    1,137                     143                       47,649                    94                        26,629      76          18,365      63          14,701      33          18,142
  Kidney                                              137                      267                     141                    4,207                     141                       35,882                    119                       9,020       103         9,841       81          7,953       48          9,598
  Pancreas                                            151                      664                     157                    3,705                     157                       44,903                    50                        22,217      25          11,412      13          308         7           21,477
  Other                                               1,396                    1,129                   1,444                  3,631                     1,444                     38,828                    1,011                     12,098      828         8,781       570         6,438       289         5,237
  **Overall**[^2^](#t001fn003){ref-type="table-fn"}   **7,327**                **314**                 **7,624**              **1,622**                 **7,624**                 **33,944**                **6,362**                 **8,796**   **5,738**   **5,624**   **4,323**   **4,454**   **2,308**   **3,643**

n: number of cases alive at the start of the time period who had sufficient follow-up to be included; NHL: Non-Hodgkin lymphoma.

^1^ Weighted to the New South Wales disease stage distribution within each cancer type.

^2^ Weighted to the distribution of cancer types in Australia in 2013 and the New South Wales disease stage distribution.

The annual excess costs for incident cases were dominated by inpatient hospital costs, comprising 68% of costs for the first year after diagnosis, while 18% of costs were for other medical services subsidised by the MBS, 13% were for prescription medicines and 1% for ED presentations. The proportion of costs attributed to prescribed medicines increased to \~25% in the subsequent years with the proportion of hospital inpatient costs reducing to \~55%. Health system costs for controls over the whole study period were mainly for inpatient care (53%), followed by medical services subsidised by the MBS (27%), prescription medicines (17%) and ED presentations (3%).

The monthly excess costs for cases were highest in the month of diagnosis (\$8386) and the months that followed (Figure B in [S1 File](#pone.0201552.s001){ref-type="supplementary-material"}). The proportion of costs for medical services covered by the MBS increased leading up to diagnosis, accounting for 36--41% of costs in the 3 months pre-diagnosis before falling to 15--19% per month from diagnosis onwards. Inpatient hospital costs accounted for \~80% of costs for the month of diagnosis and the month after diagnosis, reducing to \~50% after 12 months, with a corresponding increase in the proportion of costs attributed to prescription medicines.

For cases who were recorded as having died, there was a gradual increase in costs from 12 months prior to death then a rapid increase in the final 2--3 months, averaging \$16,111 during the final month of life. This distribution of costs was similar regardless of survival time, apart from those surviving \<1 year after diagnosis, who had slightly higher costs (Figure C in [S1 File](#pone.0201552.s001){ref-type="supplementary-material"}). The breakdown of costs for \>5--12 months prior to death was consistently \~65% for inpatient hospital costs, 19% for prescription medicines and 15% for other medical services covered by the MBS. During the final month of life 89% of costs were for inpatient hospital care and there was a record of dying in hospital for 66% of cases.

Costs by phase of care {#sec019}
----------------------

Overall the mean cost for the initial treatment phase was \$28,719 per case. The lowest cost by cancer type was \$5,372 per melanoma case and the highest exceeded \$40,000 for colorectal cancer and non-Hodgkin lymphoma (NHL) ([Table 2](#pone.0201552.t002){ref-type="table"}). Melanoma cases had low prescription medicine costs, accounting for \<1% of costs, whereas prescription medicines (e.g. rituximab) accounted for 37% of costs for NHL cases. Colorectal cancer costs were dominated by inpatient care, with 80% of cases having bowel surgery recorded during the initial phase. The initial costs were slightly higher for those with shorter survival time after diagnosis and lowest for those who survived \>5 years.

10.1371/journal.pone.0201552.t002

###### Mean excess costs for incident cancers diagnosed 2006--2010 by phase of care, cancer type and source of costs, in 2013 Australian dollars.

![](pone.0201552.t002){#pone.0201552.t002g}

  Cancer type[^1^](#t002fn002){ref-type="table-fn"}   Initial phase   Continuing phase (per year)   Terminal phase                                                                                            
  --------------------------------------------------- --------------- ----------------------------- ---------------- --------- ------------- --------- --------- --------- -------------- --------- --------- ---------
  Prostate                                            \$17,412        62%                           33%              5%        \$1,555       28%       47%       25%       \$40,729       82%       9%        9%
  Breast                                              \$36,448        44%                           25%              31%       \$4,023       20%       29%       51%       \$38,619       65%       13%       22%
  Colorectal                                          \$44,016        77%                           13%              11%       \$5,998       49%       20%       30%       \$59,270       77%       9%        14%
  Melanoma                                            \$5,372         63%                           36%              0%        \$1,168       50%       43%       7%        \$41,974       83%       13%       4%
  Lung                                                \$29,337        58%                           23%              19%       \$6,493       6%        26%       69%       \$43,368       76%       11%       13%
  NHL                                                 \$40,822        47%                           16%              37%       \$6,221       28%       21%       51%       \$65,158       81%       9%        10%
  Head & neck                                         \$32,850        69%                           29%              2%        -\$1,796      N/A       N/A       N/A       \$66,152       89%       9%        1%
  Leukaemia                                           \$36,176        56%                           17%              26%       \$15,070      22%       11%       68%       \$63,462       85%       12%       3%
  Kidney                                              \$31,537        81%                           15%              4%        \$7,409       44%       20%       36%       \$54,694       76%       10%       14%
  Pancreas                                            \$37,447        70%                           20%              10%       \$14,352      57%       15%       28%       \$43,163       84%       10%       7%
  Other                                               \$32,042        74%                           18%              9%        \$7,133       60%       21%       19%       \$50,327       80%       10%       10%
  **Overall**[^2^](#t002fn003){ref-type="table-fn"}   **\$28,719**    **64%**                       **21%**          **15%**   **\$4,474**   **40%**   **25%**   **35%**   **\$49,733**   **79%**   **10%**   **11%**

Hosp.-based: Hospital-based services, combining Admitted Patient Data Collection and Emergency Department costs, the latter accounts for 0--3% of costs for each phase; MBS: Medicare Benefits Schedule; NHL: Non-Hodgkin lymphoma; N/A: Not applicable due to negative excess costs; PBS: Pharmaceutical Benefits Scheme.

^1^ Weighted to the New South Wales disease stage distribution within each cancer type.

^2^ Weighted to the distribution of cancer types in Australia in 2013 and the New South Wales disease stage distribution.

The mean annual cost for the continuing phase was \$4,474 per case, with costs ranging from \$1,168 per year for melanoma and prostate cancer to \~\$15,000 per year for leukaemia and pancreatic cancer ([Table 2](#pone.0201552.t002){ref-type="table"}). During the continuing phase 40% of costs were for inpatient care, 35% for prescription medicines and 25% for other medical services covered by the MBS. The mean excess cost during the continuing phase for head and neck cancers was negative, however this was caused by a small number of matched controls with extremely high costs (see Supporting Information notes). The higher costs for leukaemia were driven by prescription medicines (e.g. imatinib), accounting for 68% of costs in this phase. For pancreatic cancer the higher costs were generally for inpatient care, although this was based on relatively few cases.

The mean cost for the terminal phase was \$49,733 per case, ranging from \~\$40,000 for breast and prostate cancers to \~\$65,000 for head and neck cancers, NHL and leukaemia ([Table 2](#pone.0201552.t002){ref-type="table"}). During the terminal phase 76% of costs were for inpatient care, 3% for ED presentations, 11% for prescription medicines and 10% for other medical services covered by the MBS. Higher costs for leukaemia cases were driven by inpatient hospitalisations (83% of costs), including repeated blood/platelet transfusions, and also for head and neck cancers (87% of costs), often including a tracheotomy.

Prevalence costs {#sec020}
----------------

There were 124,465 newly diagnosed cancers in Australia in 2013, with similar numbers each year back to 2009 (117,288 cancers diagnosed). The excess health system costs in 2013 for all people living up to 5 years after a cancer diagnosis were estimated at \$6.3billion ([Table 3](#pone.0201552.t003){ref-type="table"}). This represents 6.3% of all government healthcare expenditure in Australia for that year, 0.4% of GDP and equates to \$272 per person in Australia. Total costs were highest for colorectal cancers (\$1.1billion) and breast cancers (\$0.8billion), accounting for 30% of overall costs.

10.1371/journal.pone.0201552.t003

###### Total excess costs incurred in 2013 by cancer type for all cases diagnosed in Australia 2009--2013 who were alive in 2013, in millions of Australian dollars.

![](pone.0201552.t003){#pone.0201552.t003g}

  Cancer type         0--1 year post-diag.   \>1--2 years post-diag.   \>2--3 years post-diag.   \>3--4 years post-diag.   \>4--5 years post-diag.   Total
  ------------------- ---------------------- ------------------------- ------------------------- ------------------------- ------------------------- -----------
  Prostate            349                    58                        46                        41                        35                        529
  Breast              593                    115                       43                        43                        31                        825
  Colorectal          727                    137                       86                        71                        45                        1,066
  Melanoma            91                     27                        31                        27                        18                        194
  Lung                425                    77                        34                        13                        7                         557
  NHL                 230                    49                        26                        17                        8                         330
  Head & neck         142                    16                        -3                        4                         3                         163
  Leukaemia           160                    71                        45                        31                        35                        342
  Kidney              110                    24                        23                        17                        20                        194
  Pancreas            129                    16                        4                         0                         4                         153
  Other               1,269                  287                       179                       116                       89                        1,940
  **Total (\$mil)**   **4,225**              **878**                   **515**                   **380**                   **295**                   **6,293**

diag.: diagnosis; NHL: Non-Hodgkin lymphoma.

For cases who survived at least 5 years, the mean annual excess costs for years 3--5 after diagnosis consistently averaged \~\$2,500 per case. In early 2013, there were approximately 1 million Australians living with cancer. The estimated \$6.3billion prevalence cost was based on \~480,000 cases---excluding these gives another \~520,000 in the continuing care phase. Applying an annual excess cost of \$2,500 per case would give an additional ongoing health system cost of \~\$1.3billion per year, although some of these costs would reduce after 10--15 years if a patient is considered 'cured' \[[@pone.0201552.ref023]\] and others would have higher costs as they would be in the terminal phase.

Discussion {#sec021}
==========

This is the first study in Australia to report population-wide costs of cancer care using individual-level data for all cancers. By calculating excess costs relative to matched controls, we could reliably estimate cancer-specific health system expenditure by cancer type, time since diagnosis and phase of care. Health system costs varied widely by these factors and we have described these variations in considerable detail. We presented the costs by source (hospitalisations, prescription medicines, other medical services and ED presentations) and examined specific healthcare such as surgical procedures and types of medicine. We included the full range of costs of cancer care, from pre-diagnosis (including general practitioner visits, specialists, imaging), through initial treatment, continuing care, and end-of-life care. The costs were dominated by initial treatment and end-of-life care, however continuing care costs for cancer survivors (e.g. ongoing surveillance, medicines) were also substantial.

Our estimated \$6.3billion for the direct health services cost of cancer care in 2013 is similar to but slightly higher than the most recent report of cancer-specific expenditure in Australia \[[@pone.0201552.ref006]\]. This might be due in part to the AIHW analysis being unable to attribute certain costs to cancer care without individual-level information identifying cancer cases. The results are also in line with the NSW report giving "lifetime" costs, which were equivalent to \~\$5billion in health system costs for cases diagnosed in Australia in 2005 \[[@pone.0201552.ref007]\]. Previous studies of costs of end-of-life care for cancer cases reported similar trajectories for costs rapidly increasing in the final months of life \[[@pone.0201552.ref014], [@pone.0201552.ref015], [@pone.0201552.ref031]\]. The results are also comparable to a study of cancer costs in all 27 European Union nations that estimated costs in 2009 of €102 per person \[[@pone.0201552.ref032]\]--our estimate (\~€165) would place Australia between Finland (€151, third highest) and Germany (€182, second highest). Other studies that informed the model for our study had similar cost patterns by cancer type and phase of care \[[@pone.0201552.ref021]--[@pone.0201552.ref023]\].

There are several limitations to this study. The cancer cases may not be representative of all cases in Australia, as the 45 and Up Study had a relatively low response rate and participants have been shown to be healthier and more likely to have private health insurance than the general population \[[@pone.0201552.ref024]\]. This could lead to higher costs for both cancer cases and cancer-free controls as they might have greater health-seeking behaviour. However, we matched cases with controls within the cohort to minimise the effect of any potential selection bias and the cohort has been shown to give representative estimates of relative differences \[[@pone.0201552.ref033]\]. As described above, our results were similar to other studies. Disease stage at diagnosis is not recorded for all of Australia so we weighted our sample by stage to match the NSW distribution; however NSW accounts for one-third of all incident cancers in Australia and cancer patterns in NSW are similar to those nationally. All persons in the study cohort were aged \> = 45 years so costs for younger cases could not be estimated, although this will have a limited impact on our estimates since cancers occurring in people aged under 45 years comprise only 8.5% of incident cancers in Australia. While we matched cancer-free controls on age and place of residence, the oversampling of people aged \> = 80 and those from rural areas in the 45 and Up cohort may impact our cost estimates if these demographic factors have an effect on costs.

There were relatively small numbers of cases by stage for less common cancers, which could lead to imprecise estimates when weighted to population-level distributions. However, the weights used were all within a reasonable range and we were able to match 97% of cases to three controls to reduce the variability in our estimates. Including only cases with three matched controls also made little difference to the results. Relatively small case numbers might give unstable cost estimates for rare cancer types when further stratified by phase of care. However, major findings for the overall cost of cancer and the stratified costs for the major cancer types are likely to be stable, since they were based on large numbers of individuals (e.g. colorectal cancer costs were based on analysis of data for 967 cases and 2870 controls). We did identify negative excess costs prior to diagnosis for prostate and breast cancers but this is likely explained by the demographic characteristics of those who are more commonly diagnosed with these cancers and the potential for increased early detection of these cancer types in those who access health services more often. Negative costs for cases were also possible as controls were not limited to those who were alive throughout the study period, so the controls may have experienced the terminal care phase with the associated higher costs. Only selecting potentially healthier controls who did not die would introduce bias. Our outcome is excess costs for cases relative to their peers so all ranges of health status of the controls were included. Furthermore, some of the cancer cases would have died from non-cancer causes and as they were not excluded, similar controls were not excluded either.

Only month and year of diagnosis were available so the annual excess costs for the 12 months "after" diagnosis started on the first day of the month of diagnosis. This might include some costs associated with diagnosis, particularly for those diagnosed late in the calendar month. However these costs are still attributable to cancer and should not be disregarded, although care is required if apportioning costs between the diagnostic period and post-diagnosis care. Pleasingly, it appears that the full date of diagnosis will be available in future releases of these cancer registry data.

Other methods of selecting comparison groups have been proposed, such as using cases' pre-diagnosis costs as the "control" costs. However this has been shown to result in higher estimated excess costs compared with the selection of contemporaneous controls based on demographic factors, while the inclusion of health-related factors in matching (such as smoking status in our study) has been shown to improve the accuracy of excess cost estimates \[[@pone.0201552.ref034]\].

Our estimates of prevalence costs were based on estimated case numbers using historical incidence and survival rather than following all individuals diagnosed in 2009--2013. However the overall number of cases was commensurate with the 5-year prevalence reported for 2012 \[[@pone.0201552.ref005]\], and the costs were dominated by the first year after diagnosis where we have the actual case numbers, so the impact of applying survival rates over multiple years is limited. A sensitivity analysis using 10% lower survival rates reduced the prevalence costs by a modest 3%, to \$6.1billion. We did not include the excess costs in the year prior to diagnosis in our estimate of prevalence costs; if this were to be included, based on the number of new cancers diagnosed in 2013 this would add \~\$200million to our prevalent cost estimate.

There are other limitations related to the use of these routinely collected data. For example, we could not account for chemotherapy or radiotherapy delivered in public hospitals on an outpatient basis. Not all EDs in NSW were captured in the EDDC during the study period; in 2007 the EDDC captured over 80% of ED presentations in NSW \[[@pone.0201552.ref035]\] and by the end of the study period the EDDC had near complete coverage. However ED costs accounted for a very small proportion of healthcare costs, generally less than 2%. Restricting the analysis to geographical areas with complete ED coverage made little difference to the results. Most health services costs are included and the strength of our study design meant there was no reliance on patients' recall. Ten percent of all cases had a record of healthcare coverage by the Australian Government Department of Veterans' Affairs. These cases can have their prescription medicines subsidised under a separate billing system whose data were not available for this study. Excluding these cases increased the mean excess costs by around 1--2% for all reported patient groups.

Overall, our estimates are likely to underestimate the total health services costs of cancer care in Australia for the reasons detailed above. Furthermore, in the few years since our analysis period ended, a range of new targeted therapies and immunotherapies have been added to the PBS. This includes pembrolizumab for melanoma, nivolumab for lung cancer and ibrutinib for leukaemia. In future years, other similar medicines are likely to be added to the PBS and some medicines included in the PBS may extend their use to other patient groups, potentially paired with tests for eligibility for these therapies being covered in the MBS. This is expected to have driven up overall costs of cancer care substantially over the last few years, and will also impact the relative ranking of the costs by cancer type. Also, we were unable to report on the costs for non-melanoma skin cancer, or the recently announced increases in Australian government funding for chemotherapy and palliative care. Therefore, we plan time-extended analyses of these costs once further follow-up data on the included cancer cases, and more recently diagnosed incident cases become available in the 45 and Up Study cohort.

We restricted our analysis to direct health system costs due to a lack of comprehensive data for other costs, such as patients' out-of-pocket costs, personal insurance premiums or expenditure covered by private health insurance. It has previously been estimated that in Australia only 29% of the lifetime financial cost of cancer is borne by the health system, with the main cost component (58%) attributable to carer and productivity costs \[[@pone.0201552.ref007]\]. Thus, the societal cost of cancer is likely to be significantly more than that estimated here; and if the prior estimate of the fraction of total costs attributable to health services is assumed to apply, our findings imply that the overall societal costs of cancer are of the order of \$25 billion per year.

This study has several other key strengths. The findings presented here are likely to be more accurate, inclusive and evidence-based than previously reported estimates and are very important for understanding the drivers of healthcare expenditure. We used a large population-based sample with detailed individual-level data, included all cancer types, adjusted results to reflect the actual population distribution of cancer cases and matched cases to multiple cancer-free controls to give more robust results. The cases were identified through a comprehensive high quality state-wide cancer registry. Previous studies have described the strengths of using cancer registry data for this type of research and the usefulness of administrative health datasets for costing studies \[[@pone.0201552.ref036]--[@pone.0201552.ref038]\].

Future research with these data could include analyses of indirect costs such as productivity costs, costs borne by carers and burden of disease. Others have been able to report on costs by disease stage where the data were available \[[@pone.0201552.ref021]\], however detailed breakdown by stage was beyond the scope of this study. Our future work will focus on individual cancer types, with a more detailed description of costs by various patient and tumour characteristics, including disease stage. Further research could also include projections of cancer prevalence by phase of care to estimate future costs \[[@pone.0201552.ref039], [@pone.0201552.ref040]\]. The results can potentially be used to evaluate the cost-effectiveness of changes in cancer care such as the introduction of new drugs, screening programs or primary prevention.

Conclusions {#sec022}
===========

The excess costs of cancer care are significant and vary substantially by cancer type and time since diagnosis. This is the first Australian study to provide detailed individual-level data for all cancers. The results provide important information for health services planning, implementation and delivery, and the evaluation of potential new interventions in cancer control, allowing more efficient allocation of health resources for the care of people with cancer. These findings emphasise the economic importance of effective primary and secondary cancer prevention strategies.
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